on behalf of the ROCKET AF Investigators* Background--Time in therapeutic range (TTR) is a standard quality measure of the use of warfarin. We assessed the relative effects of rivaroxaban versus warfarin at the level of trial center TTR (cTTR) since such analysis preserves randomized comparisons.
V itamin K antagonists (VKAs) have formed the basis for the prevention of stroke and systemic embolus in patients with atrial fibrillation (AF) for several decades. 1 The major impediment to VKA use is the unpredictability of the level of anticoagulation at a given dose. The international normalized ratio (INR) has been introduced as a measure of anticoagulation that enables the clinician and patient to monitor the degree of anticoagulation when VKAs are used. When the INR is <1.8 the risk of stroke and systemic embolism increases, and when the INR is >3.5 the risk of bleeding increases. 2 This range includes the standard range of INR 2.0 to 3.0 widely recommended for VKA treatment for patients with AF. 3, 4 The estimated time in the therapeutic range (TTR) of INR 2.0 to 3.0 has become a widely applied measure of the quality of VKA anticoagulation in patients with AF, with most studies using Rosendaal's interpolation method of calculating TTR. 5 Several studies have shown a direct relationship between TTR and lower rates of stroke and systemic embolism in patients with AF, while the relationship to bleeding risk has been more variable. 6, 7 The ROCKET AF (Rivaroxaban Once Daily Oral Direct Factor Xa Inhibition Compared with Vitamin K Antagonism for Prevention of Stroke and Embolism Trial in Atrial Fibrillation) trial had a prospective analysis plan to estimate the relationship between TTR and the treatment effect of rivaroxaban compared with warfarin. ROCKET AF was a blinded randomized trial that directly compared warfarin treatment with a novel factor Xa inhibitor, rivaroxaban. 8 While TTR was measurable in the warfarintreated participants in the ROCKET AF trial, it is not an appropriate measure of anticoagulation in patients treated with factor Xa inhibitors. As a result, it becomes problematic to compare rivaroxaban-treated patients with warfarin-treated patients who are grouped by individual-level TTR values. The ROCKET AF trial prespecified the alternative approach of comparing the treatment effects of rivaroxaban versus warfarin stratified by center-level TTR, thereby preserving randomized comparisons.
Methods Trial Design
The design and primary results of ROCKET AF have been published. 8, 9 In brief, ROCKET AF was a multicenter, randomized, double-blind, double-dummy, event-driven trial comparing rivaroxaban 20 mg daily (or 15 mg daily in patients with creatinine clearance 30 to 49 mL/min) with dose-adjusted warfarin (target INR 2.0 to 3.0) for prevention of all stroke (ischemic or hemorrhagic) and systemic embolism. 9 A doubleblind design was chosen to minimize bias in co-interventions and reporting of clinical events. To maintain blinding, the INRatio (HemoSense) point-of-care device was used to generate real INR or sham values. The sham INR results were generated using a validated algorithm that reflected the distribution of INR values in a population of patients taking warfarin with clinical characteristics similar to the study population. 9 The doses of warfarin and matching placebo tablets were titrated by the investigators based on these values. 9 The trial was supported by research grants from Johnson & Johnson Pharmaceutical Research & Development and Bayer HealthCare AG. The Duke Clinical Research Institute in Durham, NC coordinated the trial and performed the statistical analyses for this manuscript independent of the sponsors. All appropriate national regulatory agencies and ethics/ institutional review boards at each participating center approved the study. An international, multispecialty executive committee, designed the study and takes responsibility for the accuracy and completeness of all data and subsequent analyses.
Measurement of INR
The INR was measured prior to randomization. Subjects were randomized when the INR was <3.0. Post-randomization INR monitoring was performed using the blinded point-of-care device. The ROCKET AF protocol recommended that INR monitoring be performed as clinically indicated, but no less frequently than every 4 weeks.
Calculation of TTR
We present TTR using the method of Rosendaal and colleagues, without exclusion of INR values obtained during the period at the start of study-assigned warfarin therapy or during temporary discontinuations. 5 We present analyses according to center TTR (cTTR) where cTTR was calculated as the percent of all INR values at each center that fell within the therapeutic range (2.0 to 3.0).
Statistical Methods
Baseline characteristics are shown as median (25th, 75th percentiles) for continuous variables and as percent (number) for categorical variables, and were compared among cTTR quartiles using Kruskal-Wallis tests for continuous variables and Pearson chi-square tests for categorical variables. The risk of outcomes for patients randomized to rivaroxaban versus warfarin was assessed using Cox proportional hazards models with treatment as a covariate and using robust sandwich variance estimators to account for correlation within centers. All analyses were done in the safety ontreatment population. The on-treatment period was defined as the period during which the study drug was taken plus 2 days following permanent study drug discontinuation (ie, from first study drug dose to last dose plus 2 days). Safety analyses included patients from a good clinical practice (GCP)-violating site while efficacy analyses excluded these patients (n=93). Risk relationships within regions or within cTTR quartiles were generated using models within those subgroups. The geographic regions were the same as those described in the main trial results. 8 Comparison of these risk relationships across cTTR quartiles was achieved using a model that contained treatment, cTTR quartile, and their interaction. For further examination of the association of risk relationship to cTTR, a series of models was generated at different cTTR thresholds, ie, among all centers with cTTR at or above a certain value, ranging from 0% to 80%. All models were adjusted for geographic region, except subgroup models within regions. Risk relationships are expressed as hazard ratios with 95% confidence intervals. The probability of having an event by 1 year was also derived from the Cox models.
Results

Baseline Characteristics
ROCKET AF enrolled a high-risk population with many risk factors for stroke and systemic embolism. Among the 14 264 randomized patients, the median age was 73 years, mean CHADS 2 score was 3.5, 55% had prior thromboembolism, and 62.5% had heart failure. Among the 7133 randomized to warfarin, 7025 had INR data and the mean individual TTR in warfarin patients was 55%. The distribution of cTTR across all sites is shown in Figure 1 . The mean cTTR was 59% and the median was 61% (25th, 75th: 51%, 69%). The baseline characteristics of the patients according to quartiles of cTTR are shown in Table 1 . Centers with higher cTTR had lower-risk patients as evidenced by lower CHADS 2 scores (P<0.0001) and a lower prevalence of prior stroke or transient ischemic attack (TIA) (P<0.0001). Centers with higher cTTR were from regions with middle-and high-income countries, including Western Europe and North America.
Geographic Variation in cTTR
The mean cTTR varied across geographic regions, as shown in Table 2 . The highest mean cTTR occurred in North America (65%) and the lowest was observed in the Asia-Pacific region and Eastern Europe (52%).
Outcomes and cTTR
The primary efficacy outcome (stroke or non-central nervous system [CNS] embolism) for rivaroxaban versus warfarin is shown across the quartiles of cTTR in Table 3 . Rates of stroke or non-CNS embolism decreased with higher cTTR. The treatment effect with rivaroxaban on the primary endpoint across cTTR quartiles was consistent (P for interaction=0.71).
The hazard ratio (HR) for the primary efficacy endpoint was 0.70 (95% confidence interval [CI] 0.47 to 1.04) in the lowest quartile of cTTR and 0.73 (0.50 to 1.06) in the highest quartile of cTTR. We repeated these analyses for the endpoint of ischemic stroke or non-CNS systemic embolism and the results again showed no evidence of heterogeneity across cTTR quartiles (Table 4 , interaction P=0.86).
The lowest HR for the primary endpoint (rivaroxaban versus warfarin) was observed in the region with the highest cTTR (North America HR 0.61 [95% CI 0.35 to 1.06]). There was no evidence of an interaction between region and treatment (P for interaction=0.62).
As shown in Table 5 , the rates of the primary safety endpoint (major and non-major clinically relevant bleeding) increased with higher cTTR. In the lowest quartile of cTTR, rivaroxaban was associated with a lower hazard of bleeding (HR 0.80 [95% CI 0.66 to 0.98]), while in the top quartile of cTTR, rivaroxaban was associated with a higher hazard Figure 2 displays the modeled risk of stroke or non-CNS embolism, with 95% confidence limits, according to treatment assignment (rivaroxaban or warfarin) and cTTR viewed as a continuous variable. Centers with higher cTTR values had a lower risk of stroke and non-CNS embolism in both rivaroxaban-and warfarin-treated patients. Figure 3 illustrates the treatment effect (rivaroxaban versus warfarin) at increasing thresholds of cTTR. The treatment effect was relatively consistent across the range of cTTR values. Figure 4 provides the same display for the endpoint of intracranial hemorrhage. The estimated reduction in the hazard of intracranial hemorrhage was preserved across a wide range of threshold cTTR values. There is no evidence that the benefit of rivaroxaban for prevention of intracranial bleeding is lost at any level of cTTR ( Figure 4 ).
Discussion
TTR is a widely used measure of quality of anticoagulation with warfarin. In the ROCKET AF trial the TTR correlated negatively with risk of stroke and systemic embolism, although TTR correlated positively with risk of bleeding. However, despite a wide variation of TTR levels across centers in the trial there was no evidence that the relative efficacy of rivaroxaban versus warfarin varied by cTTR.
TTR is impacted by a host of factors. 7, 10 Multiple comorbidities such as heart failure, liver and lung disease, and renal disease can alter INR control. 11 While none of these individually have a major impact on TTR, in aggregate they have a significant impact. Perhaps more important is the adherence of the patient, which is dependent on many social, cultural, financial, and individual behavioral characteristics in addition to the direction of the prescriber. 12, 13 Some studies have shown that instrumental factors such as distance between the clinic and home and availability of transportation are important. We recently published the finding that the region, and more importantly, the country involved has a major impact on TTR, far outweighing all the other factors routinely measured in clinical practice or clinical trials. 10 A recent analysis from the RE-LY (Randomized Evaluation of Long-Term Anticoagulation Therapy) trial found that much of the variation in cTTR values could be explained by whether or not an algorithmic approach to warfarin management was used. 14 The relationships among TTR, outcomes, and treatment effect in the ROCKET AF trial cannot be directly assessed at the individual patient level using iTTR since it is not meaningful in patients treated with rivaroxaban. Furthermore, because TTR is a post-randomization covariate, patients with different TTR levels are likely to have different levels of stroke and bleeding risk independent of TTR. Identifying appropriate comparator patients assigned to rivaroxaban (for whom INR values are not available) is not possible with suitable accuracy, so using it to adjust the estimate of treatment effect violates usual principles of analysis and abrogates the advantages gained by randomization. 15 Because of these concerns, we and others have compared patients assigned to The population for this analysis was the safety on-treatment population from sites with calculable cTTR. cTTR was calculated from all ITT warfarin patients at each center. All analyses are based on the time to first event. Event rates are the number of events per 100 patient-years of follow-up. HRs (95% CIs) are derived from a proportional hazards model with treatment as a covariate. CNS indicates central nervous system; cTTR, center-level time in therapeutic range; J, number of subjects in each subgroup; n, number of subjects with events. *The P value for the interaction of treatment group and center-based INR control group based on the Cox proportional hazard model including treatment group, center-based INR control group, and their interaction.
rivaroxaban and warfarin stratified by center-level TTR, where the analysis still benefits from randomization. 16 However, analysis at the center level allows only indirect inference about the effect of individual-level TTR, ie, iTTR. Moreover, our analysis demonstrated that centers with higher cTTR have patients with different comorbidity profiles, including lowerrisk patients as indicated by lower CHADS 2 scores and lower event rates even among the centers' patients taking rivaroxaban. While we saw no overall relationship between cTTR and the relative effect of rivaroxaban versus warfarin, we did not have sufficient power to specifically examine centers achieving TTR levels above 70. Analyses from the large RE-LY and ARISTOTLE (Apixaban for Reduction in Stroke and Other Thromboembolic Events in Atrial Fibrillation) trials also found no relationship between cTTR and the estimate of the treatment effect, including sites with cTTR >70.
16,17
The increase in bleeding that we observed in centers with higher cTTR levels is consistent with higher INR levels seen in such centers. Worldwide in centers with poor TTR, the most common deviation is almost always with persistent low values rather than high values. This likely explains the preservation of the benefit for intracranial hemorrhage regardless of cTTR. Some regions of the world have more aversion to bleeding than others leading to more cautious adjustments to VKA doses. 18, 19 One consideration in understanding the cTTR values is the actual observed event rates in the trial on warfarin therapy. In ROCKET AF, the observed event rates for a CHADS 2 score of 2 was 1.7, for CHADS 2 score of ≥3 was 2.6, and for prior stroke patients was 2.9 events per 100 patient-years versus 1.4, 2.8, and 3.2 in the ARISTOTLE trial which had a higher TTR on average. These data provide additional support for the concept that cTTR depends on a complex mix of factors, with practitioner skill being only one of them. For example, simply measuring more INRs will lead to a higher TTR, assuming that appropriate changes in doses are made. In countries with closer proximity of clinics to patients and with fewer cost constraints, INRs tend to be measured more frequently.
The question of whether there is a cTTR that is too low to allow for a valid direct comparison of a new anticoag- The population for this analysis was the safety on-treatment population from sites with calculable cTTR. cTTR was calculated from all ITT warfarin patients at each center. All analyses are based on the time to first event. Event rates are the number of events per 100 patient-years of follow-up. HRs (95% CIs) are derived from a proportional hazards model with treatment as a covariate. CNS indicates central nervous system; cTTR, center-level time in therapeutic range; J, number of subjects in each subgroup; n, number of subjects with events. *The P value for the interaction of treatment group and center-based INR control group based on the Cox proportional hazard model including treatment group, center-based INR control group, and their interaction. The population for this analysis was safety on-treatment patients from sites with calculable cTTR. cTTR was calculated from all safety warfarin patients at each center. Therefore, the quartiles are slightly different from Table 3 . All analyses are based on the time to first event. Event rates are number of events per 100 patient-years of follow-up. HRs (95% CIs) are derived from a proportional hazard model with treatment as a covariate. cTTR indicates center-level time in therapeutic range; J, number of subjects in each subgroup; n, number of subjects with events. *The P value for the interaction of treatment group and center-based INR control group based on the Cox proportional hazard model including treatment group, center-based INR control group, and their interaction.
ulant with warfarin merits serious consideration. At the extreme, if cTTR was very low, one would expect the comparator treatment to be superior if it was effective. While no direct measure of TTR was available in most of the controlled trials of warfarin in AF, best estimates using meta-analysis indicate a TTR in the range of 61%. 20 The average TTR in US practice is 55% and recent data indicate that in clinical practice, TTR values are typically below 60%. 2, 21 Furthermore, the region with the highest TTR (North America), had the largest point estimate for treatment difference in favor of rivaroxaban, a finding that was not statistically significant, but the existing trend favors no impact of cTTR on estimates of the rivaroxaban treatment effect.
Limitations
The limitations of this analysis should be considered. These results emanate from a randomized, blinded trial at selected centers in a high-risk population. TTR is a postrandomization variable and therefore, the entire analysis has uncertainties and should be considered to provide a perspective akin to a sensitivity analysis. Furthermore, the analysis of cTTR in this study and in other trials has limited power.
Conclusion
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